Cyclization reactions that create complex polycyclic scaffolds are hallmarks of alkaloid biosynthetic pathways. We present the discovery of three homologous cytochrome P450s from three monoterpene indole alkaloid-producing plants (Rauwolfia serpentina, Gelsemium sempervirens and Catharanthus roseus) that provide entry into two distinct alkaloid classes, the sarpagans and the β -carbolines. Our results highlight how a common enzymatic mechanism, guided by related but structurally distinct substrates, leads to either cyclization or aromatization.
sarpagan alkaloids, such as the anticancer compound koumine, have been reported from this plant 6 . Sequence data from the recently published G. sempervirens transcriptomes and genome 11 revealed that two of the R. serpentina candidates selected from the selforganizing map (Rs_CYP_12057 and Rs_CYP_3375) have homologs with high sequence similarity (61% and 51% amino acid sequence identity, respectively) to G. sempervirens genes.
We used Agrobacterium-mediated transient expression in Nicotiana benthamiana to express SBE candidates. Because the expected PNA product may not be stable in planta, SBE candidates were expressed along with previously discovered pathway enzymes responsible for production of vinorine (9 ) , which is derived from PNA and is a chemically stable intermediate in ajmaline biosynthesis ( Fig. 1a) . Thus, N. benthamiana was infiltrated with strictosidine (10 ) and A. tumefaciens strains harboring strictosidine glucosidase (SGD), geissoschizine synthase (CrGS, identified from C. roseus), polyneuridine aldehyde esterase (PNAE), vinorine synthase (VS) and SBE candidates for transient expression. To accelerate the screening process, we infiltrated up to three SBE candidates from R. serpentina and G. sempervirens simultaneously into N. benthamiana, and the resulting plant tissue extracts were analyzed for the formation of vinorine. LC-MS analysis revealed the formation of vinorine (m/z 335) in plants that expressed one particular combination of SBE candidates in addition to SGD, CrGS, PNAE and VS (Fig. 1b ). Deconvolution of this combination showed that Rs_CYP_12057, in the presence of SGD, CrGS, PNAE and VS, was responsible for vinorine production (Fig. 1b) .
We turned our attention to characterizing this SBE candidate more rigorously in vitro. However, geissoschizine is not commercially available, and CrGS primarily generates isositsirikine isomers 8 . Therefore, the related alkaloid geissoschizine methyl ether (12 ) , together with structurally similar methyl ethers, was isolated from Uncaria rhynchophylla, which can be obtained as the Chinese drug Gou Teng 12, 13 . These methyl ethers were chemically demethylated 14 to provide milligram quantities of geissoschizine ( Supplementary  Fig. 3 ) and related compounds.
Next, CYP candidates were cloned into a yeast dual-expression vector containing a cytochrome P450 reductase (CPR) to validate the in planta results. Geissoschizine (10 µ M) was incubated with the yeast cultures for 24 h. Only yeast cultures harboring the construct encoding the candidate Rs_CYP_12057 showed consumption of geissoschizine (m/z 353) and formation of a new product with a m/z of 351 that had the same retention time and MS 2 fragmentation pattern as the synthetic PNA standard 15 (Fig. 2a ). No other candidate gene from R. serpentina used geissoschizine as a substrate. Although
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Thu-Thuy T. Dang 1,3 , Jakob Franke 1,3 , Ines Soares Teto Carqueijeiro 2 , Chloe Langley 1 , Vincent Courdavault 2 and Sarah E. O'Connor 1 * R. serpentina is not amenable to gene silencing, a silencing protocol has been developed for the related species Rauwolfia tetraphylla, in which ajmaline is also found in aerial organs 16 . Silencing of the R. tetraphylla SBE homolog (93% identity) led to a statistically significant decrease in ajmaline production, substantiating the physiological role of this gene in alkaloid biosynthesis ( Supplementary  Fig. 4 ). The homolog of Rs_CYP_12057 from G. sempervirens (Gs_207-0.13; 62% amino acid sequence identity) also converted geissoschizine to PNA (Fig. 2a ). The identification of SBE from G. sempervirens provides the first biochemical evidence that PNA is potentially involved in the biosynthesis of Gelsemium alkaloids.
Rs_CYP_12057 and Gs_207-0.13, which are homologs, phylogenetically belong to the same clade as CYP71AY1 from C. roseus (78% amino acid sequence identity). All three proteins are members of the CYP71AY family (Rs_CYP_12057, CYP71AY4 and Gs_207-0.13, CYP71AY5, respectively; Supplementary Fig. 5 ). Rs_CYP_12057 shows the expected localization to the endoplasmic reticulum ( Supplementary Fig. 6 ). Although C. roseus does not produce sarpagan or ajmalan alkaloids, CrCYP71AY1 converted geissoschizine to PNA, albeit with much lower efficiency ( Fig. 2a ), as shown in previous work with cell-free extract 7 conditions ( Fig. 2a ). Microsomal fractions of yeast expressing these genes ( Supplementary Fig. 7 ) were used to biochemically characterize these enzymes. Rs_12057 and Gs_207-0.13 exhibited Michaelis-Menten kinetics with an apparent K M value of 22.5 µ M and 35.3 µ M, respectively, for geissoschizine ( Supplementary Fig. 8 ), whereas the activity of CrCYP71AY1 was so low that it could not be quantified accurately by steady state kinetic assays. Due to the observed activity of Rs_CYP_12057 and Gs_207-0.13, these enzymes were named SBE. Both RsSBE and GsSBE are highly expressed in root tissues, in which the corresponding alkaloids are found in abundance, whereas CrCYP71AY1 is primarily expressed in stem tissue ( Supplementary  Fig. 9 ). The discovery of SBE now corroborates the previously proposed reaction sequence of geissoschizine to PNA. As the C5-C16 bond formation of SBE is a crucial entry point into several alkaloid classes ( Supplementary Fig. 1 ) and could potentially be harnessed to generate molecular complexity for other scaffolds, we tested the substrate specificity of these enzymes using a range of MIAs ( Supplementary Fig. 10) . Surprisingly, desmethylhirsuteine and desmethylhirsutine, two alkaloids differing from geissoschizine only in the ethylidene side chain, were not turned over, suggesting a crucial role of the 19E ethylidene group in promoting a conducive conformation for downstream cyclizations 17 . Intriguingly, two heteroyohimbine alkaloids, tetrahydroalstonine and ajmalicine, were turned over, resulting in formation of new products with a mass suggesting a four-electron oxidation (Fig. 2b,c) . The reaction products of tetrahydroalstonine and ajmalicine were confirmed to be the corresponding fully aromatic β -carbolines-the anhydronium bases alstonine and serpentine-based on co-elution and MS 2 MRM fragmentation pattern with reference compounds ( Supplementary  Fig. 11 ). The β -carbolines have a variety of biological activities; for example, alstonine is used as a remedy to treat psychosis and other nervous system disorders 18 . Geissoschizine methyl ether (m/z 367.2) was also oxidized to a product with a mass decreased by 4 a.u. (m/z 363.2), suggesting oxidation to the β -carboline, though limited substrate availability and low catalytic activity hindered rigorous characterization of this oxidized product ( Supplementary  Fig. 11 ). CrCYP71AY1 exhibited Michaelis-Menten enzyme kinetics with a K M of 19.6 µ M for tetrahydroalstonine ( Supplementary  Fig. 8 ), and we designated this enzyme as alstonine synthase (AS). Collectively, these results highlight that all three SBE homologs from R. serpentina, G. sempervirens and C. roseus are, to a greater or lesser extent, capable of cyclization as well as aromatization reactions, depending on the identity of the starting substrate.
Our findings suggest a unifying mechanism for the action of SBE and the C. roseus homolog AS ( Fig. 2c ). We propose that SBE forms an iminium intermediate by direct hydride abstraction or by stepwise oxidation, which can then follow two distinct reaction modes: cyclization or further oxidation. Cyclization occurs if a suitable nucleophile is correctly oriented to attack the iminium moiety. The side chain of geissoschizine ( Fig. 2c ), which exists primarily as the enol tautomer 14, 17 , is an excellent nucleophile, allowing cyclization by a Mannich reaction, though an alternative radical mechanism cannot be ruled out. Alternatively, if no nucleophile is available for intramolecular cyclization (as in geissoschizine methyl ether, tetrahydroalstonine or ajmalicine), the dihydropyridinium moiety generated by SBE could autoxidize spontaneously to the fully aromatic β -carboline, as has been previously observed in similar chemical systems 19 (Fig. 2c ). Earlier studies suggested that a vacuolar peroxidase is responsible for the oxidation of ajmalicine 20 , and, though we cannot exclude this possibility in planta, the shift in the substrate specificity of CrAS from geissoschizine to tetrahydroalstonine compared to RsSBE and GsSBE ( Fig. 2a,b ) supports a different biological role for CrAS. Moreover, the expression profile of CrAS (high in stem and roots) agrees with previous reports of β -carboline accumulation in C. roseus stem (and root) tissue 20, 21 ( Supplementary Fig. 9 ). Such a proposed function also illustrated how MIA-producing plants recruited and evolved the ADH/CYP71 biosynthetic module to synthesize strychnos, sarpagan and β -carboline alkaloids. To explore the basis of the substrate specificity of CrAS, we made six point mutations based on sequence differences between CrAs and RsSBE that were also mapped onto a CYP homology model ( Supplementary Fig. 12 ). Notably, PNA was produced by three CrAS mutants (S219A, E310W and V452I), suggesting that these residues are involved in mediating substrate recognition. This change in product profile suggests that these CYP71 enzymes may be amenable to protein engineering.
The indole alkaloids of the sarpagan-ajmalan type are found in approximately 100 plant species 3 . However, the biosynthetic gene leading to the intermediate PNA, at the crossroads of this pathway, has not been elucidated. Here we have shown rapid identification of this sarpagan bridge enzyme by combinatorial expression of ten CYP candidates in N. benthamiana, together with previously discovered pathway enzymes to push the production toward a stable product that could serve as a readout for enzymatic activity. This approach demonstrates that combinatorial expression is a productive strategy for gene discovery and pathway reconstitution of ajmaline and other strictosidine-derived alkaloids when unstable substrates or products are involved. These homologous cytochrome P450s from the three alkaloid producer plants R. serpentina, G. sempervirens and C. roseus cyclize geissoschizine and thereby provide the entry point to sarpagan, ajmalan, alstophyllan and Gelsemium oxindole alkaloids. Moreover, these enzymes are capable of aromatizing alternative substrates to form β -carboline alkaloids. This discovery highlights how enzymatic promiscuity in substrate specificity, along with the inherent reactivity of these alkaloid substrates, can create a suite of structurally diverse chemical products. methods Plants and chemicals. R. serpentina seeds were a gift from S. Hiremath, Karnataka University, India. The seeds were germinated at 28/22 °C light/dark in a growth chamber with a photoperiod of 16 h. The 4-6 week-old plantlets were transferred to individual pots and grown in the greenhouse at the same temperature and light conditions. G. sempervirens seeds were obtained from Plant World Seeds UK, and plants were grown in a greenhouse. The C. roseus Little Bright Eyes cultivar was grown as reported earlier 22 . Polyneuridine aldehyde was a kind gift from E. Poupon and L. Evanno (Univ. Paris-Sud, CNRS, Université Paris-Saclay, France). Vinorine (9 ) was purchased from Northernchem Inc. (Niagara Falls, Ontario, Canada). Tetrahydroalstonine (4 ) was purchased from Extrasynthese (Lyon, France). Serpentine (7 ) was obtained from ChemFaces Biochemical Co., Ltd. Alstonine was produced by oxidation of tetrahydroalstonine (4 ) with Pd black following a procedure by Younai et al. 23 (NMR spectrum see Supplementary  Fig. 3 ). Geissoschizine methyl ether and the related methyl ether alkaloids hirsuteine, hirsutine and rhynchophylline were isolated from U. rhynchophylla and demethylated as described below. These are known compounds, and 1 H NMR spectral data are provided. All other chemicals were of analytical grade from Sigma-Aldrich.
Identification of cytochrome P450 candidates.
Publicly available transcriptomic data of six different organs of Rauwolfia serpentina were filtered for contigs with FPKM (fragments per kilobase of exon per million fragments mapped) expression values higher than zero for more than half of the organs (i.e., transcripts with FPKM expression values of zero for more than half of the treatments or with zero expression variance across the samples were removed). Self-organizing maps were applied and visualized in R (RStudio 1.0.136, RStudio, Inc) with the Kohonen package 24 as reported before 10, 22 . The map was assigned to give about 50 contigs per node. Neighboring nodes are related to each other by the similarity of their expression profile. The average expression profile of genes in the node is plotted within each node. To assess how well the generated self-organizing map fitted the data, two quality metrics were analyzed. The first was the within-node distance, which is defined as the mean distance from the weight vector of a node to the samples mapped to it. Therefore, the smaller the within-node distance, the more accurately the node's weight vector represents the samples mapped to the node. The second quality metric used was the internodal distance, defined as the sum of the distances from a node's weight vector to the weight vectors of its neighboring nodes. The smaller the value, the more similar a node's weight vector is to the weight vectors of its surrounding nodes. For a node to be classed as high quality in this analysis, both of the described quality metrics for that node had to be in the lowest quartile compared to all nodes. Cytochrome P450 candidates that are in the same nodes or neighboring nodes with similar expression patterns as previously reported genes were selected for cloning and testing for activity.
Phylogenetic analysis.
Unrooted neighbor-joining phylogenetic tree for CYP candidates from this study and other reported CYPs from other organisms were performed using the Geneious Tree Builder program in the Geneious software package (Geneious 8.1.8, Biomatters). Abbreviations and accession numbers of amino acid sequences used to generate phylogenetic tree are as follows: R. serpentina CYP 12057 (RsSBE, CYP71AY4, MF537711); G. sempervirens Gs207 (GsSBE, CYP71AY5, MF537712); R. serpentina CYP5437 (KY926696); C. roseus cytochrome P450 (CYP71D1V1) CrCYP71D1V1, AEX07770.1; C. roseus CrCYP71BT1, AHK60840.1; C. roseus CYP71AY1, CrCYP71Y1, AHK60849.1; Solanum pennellii isoflavone 2′ -hydroxylase-like, SpFH, XM_015218869.1; Theobroma cacao cytochrome CYP71D9, Tc71D9, XP_017975886; C. roseus geraniol 10-hydroxylase, CrG10H, Q8VWZ7.1; Nicotiana tabacum CYP82M1v4, ABC69375.1; C. roseus CYP72A224 7-deoxyloganic acid 7-hydroxylase, Cr7DLH, AGX93062.1; Papaver somniferum cytochrome P450 CYP82X1, PsCYP82X1; AFB74614.1; P. somniferum cytochrome P450 CYP82Y1, PsCYP82Y1, AFB74617.1; P. somniferum cytochrome P450 CYP82X2, PsCYP82X2, AFB74617.1, AFB74616.1; C. roseus tabersonine 16-hydroxylase, CrCYP71D12, FJ647194.1; Salvia miltiorrhiza cytochrome P450 CYP82V2, SmCYP82V2, AJD25203.1; C. roseus secologanin synthase, CrSLS, Q05047. N. benthamiana. The full-length coding regions of ADH and CYP candidates were amplified using cDNA derived from total root RNA of R. serpentina using Takara Ex Taq DNA polymerase (Clontech) and primer sets listed in Supplementary  Table 1 . For transient expression and candidate gene screening in N. benthamiana, the full-length coding regions were cloned into BamHI and KpnI restriction sites of pTRBO 25 using the In-fusion cloning system (Takara Clontech). pTRBO constructs were transformed into Agrobacterium tumefaciens GV3101 by electroporation. Transformants were selected on LB plates containing kanamycin, gentamicin and rifampicin. Cells were grown for 48 h at 28 °C before being harvested by centrifugation. The pellet was resuspended in infiltration buffer (10 mM NaCl, 1.75 mM CaCl 2 , 100 µ M acetosyringone) and incubated at room temperature for 2 h. Agrobacterium suspensions (OD 600 = 0.1 for each strain) were infiltrated into the abaxial side of 5-week-old N. benthamiana leaves with a needleless 1-mL syringe. A. tumefaciens strains encoding strictosidine glucosidase (SGD), geissoschizine synthase (GS, identified from C. roseus), polyneuridine aldehyde esterase (PNAE), vinorine synthase (VS) and up to three SBE candidates were mixed and infiltrated into N. benthamiana for transient expression. Substrate (50 µ M) and caffeine standard (100 µ M) were infiltrated into the leaves 3 d post bacteria infiltration. Leaves were flash frozen in liquid N 2 and stored at -70 °C before processing. Yeast expression vector construction. The full-length coding regions of CYP candidates were amplified using cDNA derived from total root RNA of R. serpentina using Takara Ex Taq DNA polymerase (Clontech), and primer sets listed in Supplementary Table 1 . GsSBE was amplified from G. sempervirens root cDNA using the primers pESC-Leu2d-Gs207 fw/rv (Supplementary Table 1 ). CrAS was amplified from C. roseus stem cDNA using the primers pESC-Cr71AY1 (Supplementary Table 1 ). For heterologous expression of FLAG-tagged CYPs in yeast (Saccharomyces cerevisiae), the full-length coding regions of CYPs were cloned into SpeI restriction sites of the dual plasmid pESC-Leu2d::CPR 26 , yielding pESC-Leu2d::CYP/CPR using the In-fusion cloning system (Takara Clontech). The protease-deficient yeast strain YPL 154 C:Pep4 KO strain 27 was transformed with pESC-Leu2d::CYP/CPR. Yeast harboring pESC-Leu2d::CPR was used as the negative control.
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Yeast culture, preparation of microsomes and immunoblot analysis. For routine yeast culture, the transgenic yeast strain was inoculated in 2 mL of synthetic complete (SC) medium lacking leucine (SC-Leu) containing 2% (w/v) glucose. The inoculum was cultured overnight at 30 °C and 250 r.p.m. The culture was subsequently diluted 100-fold to an OD of 0.05 in SC-Leu supplemented with 2% (w/v) glucose and cultured for 16 h. Yeast was then harvested and subcultured for 24 h in SC-Leu containing 2% (w/v) galactose to induce recombinant protein production. Yeast cells were harvested by centrifugation and lysed in TES-B (0.6 M sorbitol in TE) using a Constant Systems cell disruptor at 35 kpsi and subsequently centrifuged at 11,000 g for 10 min at 4 °C. The supernatant was then transferred to a new tube and centrifuged at 125,000 g for 90 min at 4 °C. Finally, the pellet containing microsomes was resuspended with TEG buffer (20% (v/v) glycerol in TE). Recombinant enzymes were detected by immunoblot analysis using α -FLAG M2 (Genscript) detected with SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific) ( Supplementary Fig. 9 ).
Enzyme assays. Standard enzyme assays were performed at 30 °C for 30 min in 100 μ L of 100 mM HEPES-NaOH, pH 7.5, containing 0.1 mg of total microsomal proteins, 10 μ M substrate and 100 μ M NADPH on a gyratory shaker with agitation (1,000 r.p.m.). Reactions were stopped by adding 800 μ L methanol. A variety of alkaloids were used to test substrate specificity (see Supplementary Figs. 10  and 11 ). The reaction mixture was extracted twice with methanol to precipitate and remove proteins. The supernatant was diluted with appropriate solvent for LC-MS/MS analysis. Steady state enzyme kinetics was determined by varying the concentration of geissoschizine or tetrahydroalstonine between 0 and 300 μ M at a fixed concentration of 200 μ M NADPH ( Supplementary Fig. 8 ). For quantification of alstonine and polyneuridine aldehyde, calibration curves were prepared and analyzed using eight calibration points in the range 0.006-0.08 ng/μ L, in which the response was linear (R 2 = 0.98 for both compounds). Data processing was done using 
LC-MS/MS analysis.
Enzyme assays and alkaloid profiles of N. benthamiana plants were analyzed by ultraperformance liquid chromatography (UPLC) on a Waters Acquity UPLC system (Milford, MA) coupled to a Xevo TQ-S mass analyzer. For kinetic studies, chromatography was performed on a BEH Shield RP 18 (50 × 2.1 mm; 1.7 μ m) column at a flow rate of 0.6 mL min −1 . The column was equilibrated in solvent A (0.1% formic acid), and the following elution conditions were used: 0 min, 5% B (100% acetonitrile); from 0 to 3.5 min, 65% B; from 3.5 min to 3.75 min, 100% B; 3.75 to 4.75 min, 100% B; 4.75 to 6 min, 5% B to re-equilibrate the column. Alternatively, the column was equilibrated in solvent A1 (0.1% NH 4 OH): from 0 to 3.5 min, 65% B; from 3.5 min to 3.75 min, 100% B; 3.75 to 4.75 min, 100% B; 4.75 to 6 min, 5% B to re-equilibrate the column. The basic mobile phase improves the peak shape of polyneuridine aldehyde.
Virus-induced gene silencing.
Silencing of RtSBE in R. tetraphylla was achieved according to the procedure described in Corbin et al., (2017) 16 . The RtSBE silencing fragment was amplified with primers 5′ -CTGAGAGGATCCTACTTGAAGCAGTTGCGCCAGATTTATGC-3′ and 5′ -CTGAGAGGATCCAAGCACGGTGTCAAGTTGCTTCAAC-3′ , and the resulting 362-bp gene fragment was cloned into pTRV2 to generate the pTRV2-viSBE silencing plasmid. Gene silencing was achieved by through the biolisticmediated inoculation of viral vectors. Around four weeks post-transformation, leaves from four wild-type plants, three plants transformed with empty pTRV2 vector and five plants transformed with pTRV2-SBE were collected. Collected leaves were frozen in liquid nitrogen, powdered using a mixer mill (Retsch MM400) and subjected to LC-MS according to Parage et al. (2016) 28 (ajmaline m/z 327, RT = 4.95 min; reserpilline m/z 413, RT = 10.67 min) and qRT-PCR analysis using primers 5′ -CTCTATCATTTTGATTGGAAACTTCC-3′ and 5′ -TAGTTATCCTTATTCCACGACTCGA-3′ . The sample size was 10 plants per condition (10 for SBE, 10 for empty vector and 10 for wild type; the transformation efficiency in R. tetraphylla is low 16, 29 ; the remaining plants were not effectively transformed). The experiment was repeated twice. Statistical analyses were performed with a Student t-test (two-sided). Early biosynthesis steps in R. serpentina occur in roots; even though we infected R. tetraphylla leaves, TRV-based vectors can spread systemically and are capable of silencing genes in roots, which might contribute to the strong reduction in ajmaline content.
Intracellular localization of SBE.
Determination of the subcellular localization of Rs_SBE and Rt_SBE was performed by subcloning the full-length coding sequences into the pSCA-cassette vector as YFP fusions. The nuclear (nucleus-CFP), nucleocytosolic (CFP) and endoplasmic reticulum (ER-CFP) markers were described previously 30, 31 . Transient transformation of C. roseus cells by particle bombardment and fluorescence imaging were performed following the procedures previously described 30, 31 . C. roseus cells were bombarded with DNA-coated gold particles (1 μ m) and 1,100 psi rupture disc at a stopping-screen-to-target distance of 6 cm, using the Bio-Rad PDS1000/He system and 400 ng of each plasmid per transformation. Cells were cultivated for 16 h to 38 h before being harvested and observed. The subcellular localization was determined using an Olympus BX-51 epifluorescence microscope equipped with an Olympus DP-71 digital camera and a combination of YFP and CFP filters. Transformation was repeated three times and more than 100 transformed cells were observed for each. The CellD software (Olympus) was used to control the camera for photos and color attribution. Photos were cropped with Photo-Paint (Corel) to conserve only cells in the figure.
Isolation of geissoschizine methyl ether, hirsuteine, hirsutine and rhynchophylline. The methyl ether alkaloids geissoschizine methyl ether, hirsuteine, hirsutine and rhynchophylline were isolated from Gou Teng (Ramulus Uncariae cum Uncis), i.e., dried plant material of Uncaria rhynchophylla used in Traditional Chinese Medicine. Plant material was obtained from http://www.tcm4u.co.uk. 193 g of the dried woody plant material was ground in a blender to a fine powder and extracted 3× with 1 L ethanol, yielding 23.3 g of crude extract after concentrating in vacuo. The crude extract was dissolved in 250 mL 0.01 M HCl and washed with 300 mL EtOAc. The EtOAc layer was then re-extracted with 250 mL 0.01 m HCl. Both aqueous layers were combined, basified with 1 M NaOH to pH 8-9 and extracted 4× with 300-450 mL CHCl 3 . The combined CHCl 3 layers were concentrated in vacuo to yield 0.47 g crude alkaloid extract. The crude alkaloid extract was separated on silica (50 g, 30-70 µ m) using a step-wise gradient elution with CHCl 3 /MeOH (95/5 (400 mL), 92/8, 90/10, 80/20, 70/30, 0/100; 200 mL each). Fractions containing the target compounds according to LC-MS were separated by semipreparative HPLC on a Dionex Ultimate 3000 (Thermo Scientific) with UV detection at 254 nm using a BEH C 18 OBD 130-5 column (250 × 10 mm, Waters XBridge) and a separation gradient (A: 0.1% NH 4 OH in H 2 O, B: acetonitrile, 40% to 70% B in 0 to 20 min) to give rhynchophylline (t R = 11.7 min), hirsuteine (t R = 12.6 min), hirsutine (t R = 13.7 min) and geissoschizine methyl ether (t R = 14.5 min). The identity of all compounds was confirmed by comparing the HRMS and NMR spectroscopy data to the literature data. See Supplementary Fig. 3 for NMR spectra and references and Supplementary Tables 2 and 3 for 1 H and 13 C data, respectively.
Demethylation of geissoschizine methyl ether, hirsuteine, hirsutine and rhynchophylline.
Demethylation of methyl ether alkaloids was performed according to the literature 32 . Typically, 0.1-3 mg substrate was dissolved in 80 μ L AcOH and 20 μ L conc. HCl was added. The mixture was incubated at RT for 2-3 d and monitored by MS for appearance of the demethylated product (-m/z 14). Afterward, the reaction was quenched by slow addition of 400 μ L 4 M K 2 CO 3 and extracted 3× with 300 μ L EtOAc. The combined organic layers were concentrated in vacuo, redissolved in methanol and purified by semipreparative HPLC on a Dionex Ultimate 3000 (Thermo Scientific) with UV detection at 254 nm using a BEH C 18 OBD 130-5 column (250 × 10 mm, Waters XBridge) and a separation gradient (A: 0.1% NH 4 OH in H 2 O, B: acetonitrile, 25% to 55% B in 0 to 20 min) (geissoschizine: t R = 7.5-8.6 min). The identity of geissoschizine was confirmed by HRMS and NMR spectroscopy in comparison with literature data 14 (for 1 H NMR spectrum, see Supplementary Fig. 3 ; for 1 H NMR data see Supplementary Table 2 ; TopSpin (version 3.2) was used for analysis of NMR data). For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for providing algorithms and software for publication provides further information on this topic.
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